ABSTRACT Aerosol insecticides are commonly used for management of stored-product pests inside food facilities, but the physical complexity of the interior of most food facilities may inßuence the dispersal and deposition of droplets and create spatial variation in dosage. The spatial pattern in aerosol deposition was evaluated inside a ßour mill using a high density grid of bioassay insects. Three insecticides, Aerotech with NyGuard and Pyrocide 100 ϩ Diacon II, both pyrethrin and insect growth regulator combinations, and Vap20, an organophosphate, were evaluated at normal (27ЊC) and high (40ЊC) target temperatures. Using a newly developed efÞcacy index, there was spatial pattern to aerosol deposition detected for the pyrethrin insecticides and the pattern differed between aerosols and temperatures. Walls and corners, especially behind the direction of application, were especially vulnerable to zones of lower efÞcacy, and open areas in center of the room tended to have the highest efÞcacy. The organophosphate insecticide provided complete efÞcacy at all bioassay dish locations, probably due in part to its vapor toxicity. Using boxes 1 m in depth and 5, 10, or 20 cm in height and open on only one end, it was shown that aerosol dispersal under horizontal surfaces could be impacted by gap height, aerosol, and temperature. These results show the potential for spatial variation in aerosol efÞcacy within a food facility and identify locations with the potential to receive a lower insecticide dosage. To increase overall efÞcacy, these locations may be targeted for additional interventions to provide more uniform pest population suppression.
Aerosol insecticides can be used as part of an integrated pest management program for food facilities such as mills, food-processing plants, warehouses, and distribution centers. An aerosol treatment, also called space, ultra-low volume, or fogging treatment, involves the release of insecticide into the air in the form of small droplets (5Ð50 m in diameter). There is a long history of aerosol use in food facilities, but applications have been increasing in recent years due in part to the decreasing amount of structural fumigation (Peckman and Arthur 2005 , Arthur 2012 , Boina and Subramanyam 2012 . Typically, aerosols have limited penetration ability and limited residual activity on surfaces and therefore are primarily targeting ßying, roosting, or walking insects in open areas at the time of the application. However, inside food facilities, some aerosol insecticides can settle on surfaces and offer residual control (Sutton et al. 2011) .
Aerosol applications can provide more complete coverage of surfaces within a structurally complex food facility than is feasible with conventional spray applications. This improved coverage increases the chance of a stored-product insect encountering the insecticide either during application or afterwards through contact with a treated surface. However, because at a given point in time most of the pest population is located in hidden areas (e.g., inside equipment, accumulated food in cracks and crevices, under pallets, inside packaged food), only a small percentage of individuals are likely to be directly exposed during an aerosol application (Toews et al. 2010 . The structural complexity of many food facility interiors may also inßuence the dispersal and deposition of aerosol droplets, creating spatial variation in dosage.
Commonly used aerosols in the food industry are the organophosphate dichlorvos (DDVP), synergized pyrethrins, pyrethroids, and insect growth regulators (IGRs; Boina and Subramanyam 2012) . Often IGRs such as methoprene, hydroprene, or pyriproxyfen are applied in combination with pyrethrins or pyrethroids. Aerosol insecticides are typically applied using a handheld or portable aerosol applicator with an atomizing nozzle, a pressurized cylinder using a carrier gas such as CO 2 , or a permanently installed pressurized overhead system. Each application method can produce a different range of droplet sizes and a different pattern of aerosol dispersal and deposition. There have been a number of recent studies on efÞ-cacy of these applications, which are discussed below, but there are comparatively less data regarding the spread and dispersal of aerosols within food facilities.
Insecticides applied as aerosols have been demonstrated to be effective against stored-product insects using a variety of methods. The majority of the research on efÞcacy has been under laboratory conditions simulating aerosol applications made directly to the insects Arthur 1988 Arthur , 1993 Arthur and Gillenwater 1990; Tucker et al. 2014) or aerosol applications conducted in small rooms (Jenson et al. 2010a , Toews et al. 2010 . Data on the efÞcacy of aerosol insecticides applied at the scale and under the conditions typically found in commercial applications are much more limited. One approach used to measure efÞcacy of commercial scale applications, where it is typically not possible to introduce live insects for bioassays, has been to expose bioassay dishes to the aerosol, and afterwards add insects to the treated surfaces , Sutton et al. 2011 . Given that some aerosol insecticides have limited residual activity (e.g., dichlorvos, pyrethrins), there are constraints where this can be applied. Another approach that can typically only be used in nonoperational or research facilities is to place dishes with insects out during an aerosol application and evaluate the mortality afterward (Arthur 2008 , Arthur and Campbell 2008 , Jenson et al. 2010b , Subramanyam et al. 2014 .
Temperatures at time of aerosol application can vary widely depending on the location and the time of year the application is made. Temperature can have an impact on insecticide efÞcacy. Pyrethrins and most pyrethroids have a negative temperature coefÞcient, while for most organophosphates toxicity increases with temperature (Schleier and Peterson 2011) . Volatilization of the organophosphate insecticide dichlorvos increases with temperature, which can increase immediate efÞcacy of impregnated strips (Lehnert et al. 2011 ), but reduce residual activity on surfaces (Strong and Sbur 1964) . However, little is known about how temperature within a food facility might impact insecticide droplet dispersal and the efÞcacy of aerosol insecticide applications.
Obtaining uniform coverage with an aerosol insecticide is critical to optimizing the effectiveness of the treatment within a food facility, but horizontal structural features (e.g., equipment, pallets, beams) within a structure may block the settling of aerosol droplets. Accumulations of food residue and hidden areas in equipment, wall voids, and cracks and crevices can create areas that are inaccessible to aerosol droplet penetration. Vertical structural features may interfere with the dispersal of the aerosol droplets after release. Studies done in relatively open rooms show generally good dispersion of aerosols (Arthur 2008 , Arthur and Campbell 2008 , Subramanyam et al. 2014 , but efÞcacy was evaluated in only a limited number of locations.
The following experiment was conducted to evaluate spatial pattern in aerosol insecticide deposition within a food facility. A research ßour mill was used so that bioassay insects could be introduced and a large array of bioassay dishes was placed within the mill so that a more accurate picture of the spatial pattern in efÞcacy could be assessed. The speciÞc objectives were to: 1) determine the spatial pattern of efÞcacy of three different aerosol insecticides at two different temperatures (normal room temperature and high temperature) and 2) measure ability of these different insecticides, under the two temperature conditions, to disperse under horizontal obstructions of different heights. These bioassay dishes were used to evaluate spatial pattern in deposition, not to fully evaluate the impact of each aerosol insecticide. Ultimately, we wished to be able to predict zones within a facility that may not be obtaining adequate efÞcacy so that modiÞcations to application methods or alternative supplemental treatments could be applied to generate a more uniform coverage.
Materials and Methods
Research Location. The experiments were conducted at the pilot-scale Hall Ross ßour mill at Kansas State University in Manhattan, KS. The mill is a concrete structure composed of Þve ßoors. Four of the ßoors were used in this study. The top three ßoors received aerosol treatments: third ßoor with a volume of 1,504 m . The Þrst ßoor served as the control ßoor. Separate aerosol applications were made to each ßoor, and gaps between the ßoors were sealed to isolate the ßoors from each other. Each ßoor was considered a separate replication. The second ßoor was not used and served as a buffer between the treatment ßoors and the control ßoor.
Treatments. The aerosol trials were conducted under normal (target 27ЊC) and high temperature (target 40ЊC) conditions. The normal temperature conditions trial was conducted on 23Ð25 January of 2012, and the high temperature conditions trial was conducted on 16 Ð18 July of 2013. Temperature and relative humidity were monitored on each ßoor using a HOBO data logger (Onset Computers, Pocasset, MA) placed on the ßoor.
Three aerosol insecticides labeled for use in foodhandling facilities against stored-product insects were evaluated, and each was applied under both normal and high temperature conditions. All applications were performed by licensed applicators from Industrial Fumigant Company (Lenexa, KS). Aerotech with NyGuard (Chem-Tech, Des Moines, IA), hereafter termed Aerotech, contains 0.7% active ingredient [(AI)] pyrethrins, 5.0% piperonyl butoxide (synergist), and 0.2% of the IGR pyriproxyfen. It is formulated in a pressurized gas cylinder with CO 2 as a carrier. Pyrocide 100 (MGK, Minneapolis, MN) and Diacon II (Wellmark, Schaumburg, IL) were mixed and applied together using a model 7401 Microjet Fogger (Fogmaster, DeerÞeld Beach, FL) set at the maximum ßow rate. Pyrocide 100 contains 1.0% of the (AI) pyrethrins, 2.0% piperonyl butoxide (synergist), and 3.0% N-Octyl bicycloheptene dicarboximide (synergist). Diacon II contains 33.6% of the (AI) IGR (S)-methoprene. This mixture is hereafter termed Pyrocide. The third aerosol insecticide applied was Vap20 (Chem-Tech), which contains 18.6% of the organophosphate (AI) dichlorvos. This formulation is in a pressurized gas cylinder with CO 2 as a carrier. The amount of insecticide applied was based on the label rate, with the speciÞc amounts applied during each application reported in Table 1 . For those treatments applied based on weight, the actual amount of insecticide applied was close to the target amount in all treatments.
Application of the aerosols was from a single location Ϸ3Ð 4 m out toward the middle of the room from the double doors to the elevator lobby (Fig. 1) . Applications using pressurized cylinders were made using short bursts with the nozzle facing to the right, straight, and to the left. With the handheld applicator, applications were made another 1.5 m further into the room because release velocity is less than the cylinderized insecticides and applied at a 45 degree angle in an arc from right to left. After releasing the required amount of insecticide, there was an 8-h exposure period with the air handling system turned off (i.e., relatively still air conditions) before the mill was aerated (aeration times were variable, typically Ϸ30 min for Aerotech and Pyrocide and Ϸ4 h for Vap20, and were based on applicator assessment of safety). Each aerosol insecticide formulation was applied to each of the three treatment ßoors sequentially on a given treatment day (Table 1) .
Spatial Distribution of Deposition. Before each aerosol application, a grid of 75 petri dishes (35 mm in diameter) containing Þve adult Tribolium confusum Jacquelin du Val (laboratory strain) and 0.25 g of ßour was placed on each of the treated ßoors. Adults added were mixed sex and Ͻ4 wk of age. Beetles were added to the dishes with ßour Ͻ48 h before placement in the mill. The distribution of dishes was similar on each ßoor of the mill, but differences did occur owing to variation in the layout of equipment and other structural features among ßoors. Locations where dishes were placed were classiÞed as open (not underneath an obstruction to settling aerosol droplets and not adjacent to a vertical edge such as a wall or pillar), adjacent (not underneath an obstruction, but close [Ͻ6 cm] to a vertical edge), and covered (underneath an obstruction).
Dishes were placed out on each ßoor 1Ð2 h before start of the aerosol application, and the lids were removed and placed under the dish. Using uncovered dishes was important because using cages to conÞne insects can reduce the amount of aerosol to which the insect is exposed (Hoffmann et al. 2008 ). Because T. confusum does not ßy and cannot climb out of the open dishes, beetles could be conÞned to the dishes under both sets of temperatures tested. The dishes were covered 1Ð2 h after the completion of aeration process and returned to the laboratory. The control Þrst ßoor had 25 dishes divided into two groups placed at opposite ends of the ßoor. An additional set of 25 control dishes were held continuously under laboratory conditions and were used to determine effects of transporting and holding the dishes under conditions within the mill. After 24 h, 1 and 2 wk posttreatment, the Þve beetles within a dish were classiÞed as active (walking normally), affected (exhibiting symptoms of knockdown ranging from completely inactive and only responding to touch with a probe to walking for short bouts in an uncoordinated manner until falling over), or dead (inactive and failing to respond to touch with a probe).
To convert the three possible states (active, affected, and dead) for each of the Þve beetles in a dish into a single value that could be used to assess the strength of the effect, an efÞcacy index value was calculated. The index ranged from 1, which was the weakest response with Þve active beetles, to 21, which was the strongest response with Þve dead beetles. The other values were determined in following manner. If one of the Þve active beetles was classiÞed as affected, this was considered to be the next strongest response after Þve active beetles, and hence it received an index value of 2. After that the condition of having four alive and one dead was considered to be the next strongest response and was given an index value of 3. The next highest index value (4) occurred with three active beetles and two beetles classiÞed as affected. The next highest index value (5) would be three active, one affected, and one dead and after that next highest index value (6) would be three active and two dead. All the index values generated following this sequential pattern are listed here, with the corresponding combinations of active, affected, and dead, respectively, indicated in brackets: 1 (5,0,0), 2 (4,1,0), 3 (4,0,1), 4 (3,2,0), 5 (3,1,1), 6 (3,0,2), 7 (2,3,0), 8 (2,2,1), 9 (2,1,2), 10 (2,0,3), 11 (1,4,0), 12 (1,3,1), 13 (1,2,2), 14 (1,1,3), 15 (1,0,4), 16 (0,5,0), 17 (0,4,1), 18 (0,3,2), 19 (0,2,3), 20 (0,1,4), 21 (0,0,5).
To visualize the spatial pattern of aerosol deposition on each ßoor, contour maps of the index values at each dish location were developed based on Kriging using Surfer software (Golden Software, Golden, CO). Separate maps were made for each ßoor, each treatment, and each time posttreatment. The area of each contour map with high efÞcacy and low efÞcacy was also calculated. Areas of high efÞcacy were deÞned as those with all Þve beetles exhibiting a response to the treatment, either affected or dead, and this corresponded to the area of the map with an efÞcacy index value Ն16. Areas with low efÞcacy were those where all Þve beetles were without visible treatment effects, Յ1 efÞcacy index. These areas were calculated by creating separate contour maps that only mapped areas above or below these thresholds and using Image J software (Schneider et al. 2012) , to trace the combined areas in each map and calculate the percentage of the total area on each ßoor that was represented by each level of efÞcacy. Differences in area between temperatures and between the two pyrethrin treatments were compared using t-tests (SigmaPlot v. 12, Systat Software, San Jose, CA).
To further evaluate the levels of efÞcacy, the index values for the different insecticide formulation and temperature combinations, using individual bioassay dish locations from all three ßoors as replicates, were compared at each time postexposure using the Wilcoxon Signed Rank Test (SigmaPlot), as distributions were not normal. In addition, the mean index value for three types of dish locationsÑ open, adjacent, and coveredÑwas calculated and compared using analysis of variation (ANOVA) and the RyanÐEinotÐGabrielÐ Welsch multiple range test (SAS/STAT software v. 9.2, SAS Institute, Cary, NC) at each time posttreatment. Data in text and tables are presented as mean Ϯ SEM, and all statistical comparisons were made at ␣ ϭ 0.05 level.
Impact of Obstruction Gap Height on Aerosol Deposition. Boxes of different heights were used to determine how effectively the aerosol droplets dispersed under obstructions. Boxes were 1 m in length, 20 cm in width, and either 5, 10, or 20 cm in height and were open on only one end. The boxes were constructed from 1.6-cm-thick plywood and covered in plastic sheeting. Five petri dishes containing Þve adult T. confusum and 0.25 gm of ßour, created as described above, were placed on the ßoor at different distances under the box. Rows of Þve dishes were placed 8 cm in front of the open end of the box, and at 8, 36, 64, and 91 cm under the box. The dishes were placed 1 cm from the sides of the box, and Ϸ0.1 cm apart from each other. One box of each height was placed on each of the three treatment ßoors and on the control ßoor. Boxes were Ϸ12 m from the point of aerosol release and the open end of the box was facing away from the point of release. Dishes were collected and insect response assessed as described above. Data were analyzed using ANOVA and the RyanÐEinotÐGabrielÐ Welsch multiple range test (SAS/STAT software) at the ␣ ϭ 0.05 level.
Results
Good separation between the normal and high temperature treatments was obtained within the mill, but it was difÞcult to obtain consistent temperatures across the different ßoors or within a ßoor over time owing to structural differences between ßoors and also because the heating system was turned off during the trials (Table 1) . During the normal temperature treatment (27ЊC target), the average temperatures ranged between 4.3ЊC below and 1.7ЊC above the target. The bottom (Þrst) and top (Þfth) ßoors tended to be cooler, probably because of the cold outside conditions: outside daily average temperature was 1.9 Ϯ 0.5ЊC, minimum and maximum temperatures were Ϫ6.1ЊC and 11.1ЊC, respectively. Relative humidity (RH) was very low inside during the normal temperature trial, with an average of 15% RH that was the lower limit of the data loggers. During the high temperature treatment (40ЊC target), average temperatures during a treatment ranged from 3.8ЊC below to 3.2ЊC above the target. Floors were more consistent in temperature than at the normal temperature trials, although the third ßoor tended to be a little cooler than the others. Outside temperature during the experiment was 30.2 Ϯ 1.0ЊC, and ranged from 22.2 to 40.6ЊC. Relative humidity inside the mill ranged from 23 to 33%.
Spatial Distribution of Aerosol Deposition Maps. The three aerosol formulations and application methods had different patterns of deposition. All T. confusum exposed to Vap 20 were dead 1 wk after treatment regardless of exposure position or temperature; hence, contour mapping and analysis of spatial pattern were not performed. For the other two aerosols, there were differences in the spatial pattern of the efÞcacy and differences between insecticides, over time postexposure, and between temperatures could be evaluated.
For Aerotech applications, there were areas on each ßoor with both low and high efÞcacy index values, and the general pattern was similar among the ßoors (Fig.  1) . Areas of lower efÞcacy tended to occur in the short arm portion of the L-shaped room (farthest away from point of release), but also along the walls, especially in corners and along the wall behind where the applicator stood. Areas of higher efÞcacy tended to be in open areas in the center of the room. The increase in area with low and high efÞcacy from 24 h to 2 wk postexposure reßects change in T. confusum adult response over time after treatment, with individuals initially affected either recovering or having died. For the contour maps generated using efÞcacy index values at 24 h, 1 wk, and 2 wk posttreatment, the percentage of each map with high and low efÞcacy was similar among the ßoors (Table 2 ). There was no obvious pattern in the contour maps indicating that physical features such as pillars or pieces of equipment in the interior of the room were impacting aerosol efÞcacy.
Comparing the normal and the high temperature treatments, the elevated temperature tended to increase the efÞcacy at 24-h postexposure, but by 2-wk postexposure, the efÞcacy under the two temperature treatments was similar. At the normal temperature, the area of high efÞcacy tended to increase over time and at the high temperature the area of low efÞcacy tended to increase over time. The percent area with high efÞcacy 24 h after treatment was signiÞcantly different between temperatures (t ϭ Ϫ15.13; df ϭ 4; P Ͻ 0.001), averaging 45% at normal temperature and 95% at high temperature. However, 2 wk after treatment, the area of high efÞcacy was 68 and 72% at the normal and high temperatures, respectively, and these areas were not different from each other (t ϭ Ϫ0.69; df ϭ 4; P ϭ 0.264; Table 2 ). There also appeared to be more variation in efÞcacy among the ßoors at the high temperature compared with the normal temperature treatment: percentage of 2-wk postexposure efÞcacy contour maps with high efÞcacy varied by up to 14 percentage points among ßoors compared with the normal temperature treatment that varied by only Þve percentage points (Table 2) .
For the Pyrocide aerosol, efÞcacy was more intermediate and uniform within a ßoor and varied less between ßoors (Fig. 2 ). There were no areas with low efÞcacy on all ßoors at both temperatures, but the areas of high efÞcacy appeared less extensive than with the Aerotech aerosol. Where zones of reduced efÞcacy occurred, they tended to be along walls, in corners, and in the short arm of the Lshaped room, but in contrast to the Aerotech aerosol, these areas tended to be more apparent at the high temperature compared with the normal temperature treatment. After 2 wk, the percentage area with high efÞcacy was greater at the normal temperature (98%) than at the high temperature (76%; t ϭ 3.22; df ϭ 4; P ϭ 0.032; Table 2 ). This difference with temperature did not change over time and was also signiÞcant at 24 h (t ϭ Ϫ46.27; df ϭ 4; P ϭ 0.013; Table 2 ), which also contrasted with results from the Aerotech aerosol.
Frequency Distribution of Efficacy Index Values. The frequency distribution of efÞcacy index values for all the dish locations across all three ßoors was different among the aerosol treatments, and initial efÞ-cacy increased with higher temperature during treatment (Fig. 3) . For the Aerotech aerosol at normal temperature, immediately after treatment, most locations had an index value of 16 (all Þve beetles being affected), with remaining locations tending to have lower efÞcacy. EfÞcacy at a location typically increased over time postexposure and after 2 wk most locations had an efÞcacy index of Ն16, indicating that most of the affected adults eventually died rather than recovered. In contrast, at the high temperature treatment, efÞcacy 24 h after treatment was more variable, with most locations having index values between 15 and 21. At 2-wk postexposure, most locations had the maximum efÞcacy index of 21, but there was increased variation in efÞcacy, with index values ranging from 1 to 21. The lower index values indicate some recovery by affected individuals. At 24-h postexposure, the high temperature treatment had signiÞcantly greater efÞ-cacy (Wilcoxon Signed Rank Test, Z ϭ 12.1; P Ͻ 0.001), but by 2-wk postexposure, the two temperature treatments were not different from each other (Z ϭ 1.7; P ϭ 0.097; Fig. 3) .
As with the Aerotech aerosol, Pyrocide at the normal temperature had the same level of efÞcacy at most locations (index value of 16, all individuals affected), although fewer locations had low efÞcacy (Fig. 3) . After 2 wk, there was also a shift in efÞcacy, with more locations having a greater efÞcacy index, indicating that affected individuals failed to recover. The Pyrocide efÞcacy index was greater than the Aerotech efÞcacy index after both 24 h (Wilcoxon Signed Rank Test, Z ϭ 5.6; P Ͻ 0.001) and 2 wk (Z ϭ 6.5; P Ͻ 0.001). At the high temperature, there was more variation in efÞcacy index values 24-h postexposure than at the normal temperature, although most locations had values ranging between 16 and 21. After 2 wk, there was some recovery of affected individuals in many locations, and index values ranged between 1 and 21. At 24-h postexposure, the average efÞcacy index was greater at the high temperature than at the normal temperature (Z ϭ Ϫ10.1; P Ͻ 0.001), but by 2-wk postexposure, this had switched, and efÞcacy was greater at the normal temperature treatment than the high temperature treatment (Z ϭ 5.8; P Ͻ 0.001). This switch is owing to the increased recovery by affected adults after the high temperature treatment. At the high temperature, Aerotech had greater efÞcacy than Pyrocide at 24 h (Z ϭ Ϫ5.7; P Ͻ 0.001), but the two treatments were not different from each other by 2-wk postexposure (Z ϭ Ϫ0.8; P ϭ 0.416).
For the Vap20 treatment at both the normal and high temperature, there was some variation in efÞcacy index immediately after treatment, but only ranging between 13 (1 alive, 2 affected, and 2 dead) and 21 (all dead), and by 2 wk all locations had the maximum efÞcacy index of 21 (Fig. 3) . At 24-h postexposure, efÞcacy was signiÞcantly greater at the higher temperature than the normal temperature (Z ϭ Ϫ5.2; P Ͻ 0.001). At 2-wk postexposure, the two temperatures were not different from each other, as all the locations Fig. 3 . Frequency distribution of the efÞcacy index valuesÑrange from lowest efÞcacy value of 1 up to highest efÞcacy value of 21Ñamong all the dish locations combined from the three ßoors of the mill (n ϭ 225) for the three aerosols (Aerotech, Pyrocide, and Vap20) at both the normal and high temperatures. Gray bars indicate efÞcacy data at 24-h postexposure and the black bars efÞcacy after 2 wks (1 wk data not shown). Within each graph the mean Ϯ SEM is presented for each insecticide and temperature and time postexposure combination. Means followed by the same lower case letter are not different among insecticides within a temperature and time postexposure and means followed by the same upper case letters are not different between normal and high temperature within an insecticide and time postexposure (Wilcoxon Signed Rank Test).
at both temperatures had the same value. At both the normal and high temperatures, Vap20 had a higher efÞcacy index than Aerotech at 24-h (Z ϭ 12.8; P Ͻ 0.001 and Z ϭ 5.9; P Ͻ 0.001, respectively) and 2-wk (Z ϭ 10.3; P Ͻ 0.001 and Z ϭ 7.8; P Ͻ 0.001, respectively) postexposure. Furthermore, at both the normal and high temperatures, Vap20 had a higher efÞcacy index than Pyrocide at 24-h (Z ϭ 12.2; P Ͻ 0.001 and Z ϭ 10.7; P Ͻ 0.001, respectively) and 2-wk (Z ϭ 10.4; P Ͻ 0.001 and Z ϭ 10.4; P Ͻ 0.001, respectively) postexposure.
Bioassay Dish Position. The positions where bioassay dishes were placed, characterized as either covered, adjacent to a vertical surface, or in the open, had some inßuence on efÞcacy, which varied with insecticide and temperature (Fig. 4) . The efÞcacy of Aerotech was most impacted by the position of the bioassay dish, with signiÞcant differences for all times postexposure at the high temperature, but only at 1-wk postexposure at the normal temperature. Generally, the dishes in open positions had the highest efÞcacy index, with covered and adjacent positions having lower efÞcacy, which was not signiÞcantly different from each other. Pyrocide only had signiÞcant differences among positions at 24-h postexposure at the normal temperature and at 2-wk postexposure at the high temperature. As with the Aerotech aerosol, the open dishes had higher efÞcacy index values than the other two positions. The position effects seem to be greatest at the high temperature, with signiÞcantly greater efÞcacy after 2 wk in the open position compared with covered or adjacent for both insecticides, while position was not signiÞcant after 2 wk at the normal temperature. There was no signiÞcant position effect on Vap20 efÞcacy at either temperature.
Dispersion Under Horizontal Barriers. Use of the boxes of three different heights revealed differences in the ability of the different insecticides to disperse under horizontal barriers (Fig. 5) . Generally, the results show that the shorter the gap height of the box the shorter the distance under the box that high efÞcacy could be maintained. There was also limited impact of temperature on this process, except with the Aerotech aerosol. As in the other analyses of distribution, Vap20 had high efÞcacy at all positions under the box, except for the 5-cm box where there was some survival at the furthest distances under the box though the trend was not signiÞcant.
With the 5-cm-tall box (Fig. 5) , at the normal temperature, Aerotech aerosol had a signiÞcant decline in efÞcacy with distance under the box (ANOVA: F ϭ 41.0; df ϭ 4,10; P Ͻ 0.001). EfÞcacy was reduced by Ͼ50% just 8 cm inside the box and efÞcacy index values of Ϸ1 (all beetles active) at nearly all positions further under the box. At the high temperature, there was better dispersal under the box and no signiÞcant difference in efÞcacy index among positions (ANOVA: F ϭ 2.7; df ϭ 4,10; P ϭ 0.0913). The Pyrocide aerosol was less affected by temperature, and at both temperatures, there was a signiÞcant decrease in efÞcacy with distance under the box (normal temperature: F ϭ 35.4; df ϭ 4,10; P Ͻ 0.001, and high temperature: F ϭ 64.7; df ϭ 4,10; P Ͻ 0.001). As with the Aerotech aerosol at normal temperature, efÞcacy declined from the open position to the position that was 8 cm inside the box, and the efÞcacy index was usually 1 at all distances further under the box. There was no position effect with Vap20 aerosol at the normal (ANOVA: F ϭ 1.6; df ϭ 4,10; P ϭ 0.253) or the high temperature (ANOVA: F ϭ 3.0; df ϭ 4,10; P ϭ 0.074). However, there was some variation in efÞcacy at the two deepest positions, suggesting that an impact on efÞcacy was starting to occur.
With the 10-cm-tall box at the normal temperature (Fig. 5) , the Aerotech aerosol had a signiÞcant decline in efÞcacy as the distance from the opening increased (ANOVA: F ϭ 492.4; df ϭ 4,10; P Ͻ 0.001). Unlike with the 5-cm box, there was no difference in efÞcacy between the open position and the Þrst position under the box, indicating better dispersal at this box height. However, the deeper positions under the box were similar to those at the 5-cm-height box, with most dishes having an index value of 1 (i.e., no detectable impact). At the high temperature, there was no signiÞcant decrease in efÞcacy index owing to a higher mean efÞcacy value and increased variation at the deeper positions within the box (ANOVA: F ϭ 2.5; df ϭ 4,10; P ϭ 0.114). Thus at both temperatures, with a 10-cm gap, high efÞcacy could be obtained only up to the 8 cm distance underneath. For the Pyrocide aerosol, there was a signiÞcant decrease in efÞcacy with distance under the box at the normal (ANOVA: F ϭ 42.5; df ϭ 4,10; P Ͻ 0.001) and high temperature (ANOVA: F ϭ 57.2; df ϭ 4,10; P Ͻ 0.001). As with the 5-cm box size, there was little apparent effect of temperature on dispersal under the box. High efÞcacy could be maintained up to 36 cm under the box, which was further than observed with the Aerotech aerosol. For the Vap20 aerosol, all positions under the box had the maximum efÞcacy values, so no detectable decline in efÞcacy occurred at this gap size.
With the 20-cm-tall box (Fig. 5) , at the normal temperature, there was a signiÞcant decline in efÞcacy of the Aerotech aerosol with distance under the box (ANOVA: F ϭ 357.5; df ϭ 4,10; P Ͻ 0.001). Up until the 36-cm-deep position, there was high efÞcacy, but deeper under the box, there was no detectable impact of the aerosol. However, at the high temperature, as with the other box heights, there was no signiÞcant decrease in efÞcacy index owing to distance under the box (ANOVA: F ϭ 2.2; df ϭ 4,10; P ϭ 0.145). For the Pyrocide aerosol, there was a signiÞcant decrease in efÞcacy with distance under the box at the normal (ANOVA: F ϭ 16.6; df ϭ 4,10; P Ͻ 0.001) and high temperature (ANOVA: F ϭ 15.8; df ϭ 4,10; P Ͻ 0.001). Generally, with distance under the box the decrease at the normal temperature was less than observed with Aerotech aerosol. Furthermore, the average index value at the deeper positions under the box appeared greater at the high temperature compared with the normal temperature. For the Vap20 aerosol, the maximum efÞcacy values were obtained at all positions at both temperatures. 
Discussion
These experiments revealed some interesting and unexpected patterns in aerosol deposition that illustrate how variation in formulation, application method, physical landscape, and temperature can interact to create spatial pattern in efÞcacy within a facility. It is important to note that the experimental protocol used was designed to detect variation in deposition and not to measure the full impact of these different insecticides on pest populations, as it only evaluates impact on adults directly exposed to aerosol, does not allow insects to avoid treatment, and does not measure the impact of the IGR portion of two of the formulations, which could provide additional efÞcacy. Furthermore, the applicator was constrained to applying the aerosols from a single point to facilitate comparisons. Although single-position applications are not unusual for rooms of the size used in this study, coverage could have been improved by applicator moving more during the application. However, our results do show the utility of this approach for determining aerosol deposition pattern and identifying potential factors impacting dispersion and deposition.
Understanding spatial pattern of deposition is critical for assessing efÞcacy of aerosol applications, and all insecticide formulations exhibited, to a greater or lesser extent, spatial variation in efÞcacy. Aerosol droplet dispersion and deposition is a complex process that is inßuenced by many factors including particle size distribution, release velocity and direction, physical landscape, and air speed and turbulence (World Health Organization 2003) . The Aerotech and Pyrocide aerosols exhibited the greatest spatial variation in efÞcacy and differed from each other in level of variation and response to temperature. There are a variety of factors that differ between these aerosols that might contribute to these differences: different formulations, application methods, concentrations of (AI), and droplet size distribution and release velocity. Greater variation in efÞcacy could result from less (AI) being applied with Aerotech than with Pyrocide. As illustrated with the Vap20 treatment, if overall efÞcacy is high the bioassay will not detect spatial variation in deposition. It could be that the Aerotech was producing efÞcacy in the range that could be more easily detected with the bioassay and as a result more visible in the contour maps. However, that some areas had higher efÞcacy with Aerotech than with Pyrocide suggests that this is not the primary factor generating variation in efÞcacy.
The Aerotech and Pyrocide application methods could produce differences in the distribution of droplet sizes, number of droplets, and the release velocity. These parameters have been shown to inßuence aerosol dispersion and deposition in other systems, but speciÞc information is not available for the insecticides used in this study. During application the droplets are propelled into the room, and as terminal velocity is reached owing to friction in the air they settle out of the air. Larger droplets tend to travel further, but methods to produce larger droplets tend to produce a slower release velocity. Small droplets tend not to travel as far because their terminal velocity is lower than larger droplets, but application equipment tends to release them at a higher initial velocity. Smaller droplets will tend to settle more slowly than larger droplets. For example, to fall 10 m droplets 5 m in diameter take 3.7 h, 10-m droplets take 56 min, and 20-m droplets take only 14 min (World Health Organization 2003) . In outside applications against mosquitos, the distribution of droplets sizes changes as a function of distance from point of application, with larger droplets dispersing further downwind (Rathburn and Dukes 1989 , Brown et al. 1993 , Curtis and Beidler 1996 .
Much of the research on aerosol applications is based on use as a space spray for ßying or roosting insects on exposed surfaces, where treatment efÞcacy is increased by droplets remaining in the air for longer periods of time and direct impingement on insects needs to be considered. Droplet size impacts efÞcacy directly, as impingement on an insect is a function of droplet size (Himel 1969 , Lofgren et al. 1973 . The optimal droplet size for efÞcacy against mosquitoes was determined to be between 8 and 15 m (Mount et al. 1970b , Haile et al. 1982 ), but there is little published information on impact of droplet size, concentration, and exposure time on stored-product insects. During food facility aerosol treatments, only a small portion of the insects present are likely to be directly exposed during the brief period of time the aerosol droplets are in the air. Thus, another component of efÞcacy that needs to be evaluated is how droplets settle onto surfaces and the spatial patterns in efÞcacy that result from insect encounters with these surfaces posttreatment. It is therefore important to take a fresh look at the relationship between droplet size and efÞcacy in relation to food facility applications, as the goal is not only to provide efÞcacy against insects out and active, but to also provide good coverage of the surfaces to maximize efÞcacy post treatment as well. Another factor to consider is the interaction between settling droplets and food residues and other materials on surfaces that can absorb the insecticide or impede the direct exposure of insects. Our bioassay approach is focused primarily on measuring variation in the direct efÞcacy of exposed insects, although there may have also been some residual activity on the treated ßour and dish.
The Aerotech formulation is described as producing smaller droplet sizes than standard aerosol applicators for a broader distribution of droplets. For one treatment with this insecticide, as part of a pilot test, droplets were measured at one location on the fourth ßoor using an Aerodynamic Particle Size system (APS; TSI Inc., Shoreview, MN). After initial aerosol release, there was a peak in Aerotech formulation concentration of over 1,000 mg/m 3 with droplet sizes centered around 20 m (the maximum droplet size measureable with the APS system). In the period 4 Ð10 min after application, droplets were primarily in the 10 Ð12 m range (100 Ð200 mg/m 3 ), and after Ϸ30 min the concentration was 10 Ð 60 mg/m 3 and the droplet sizes were in the 3Ð 4 m range. These measurements were taken in the center of the room near the application point, and this pattern will likely be different in other locations within the room. Results do suggest that the droplets that are likely the most efÞcacious particle size had settled out relatively quickly and that the potential for shorter exposure periods being equally effective should be evaluated. For the Pyrocide applications, the Fogmaster model 7401 Microjet Fogger was used at the maximum ßow rate. According to the label, the predicted droplet size should have been around 30 m at this ßow rate, although in general oil-based carriers tend to produce smaller droplets than water-based carriers (Hoffmann et al. 2007) , so the droplet sizes were perhaps smaller than this estimate. This range of particle sizes is still presumably larger than those produced during the Aerotech application. Release velocity of these larger Pyrocide droplets is also presumably lower than that of the droplets coming from the Aerotech compressed gas cylinder. These differences between the two aerosols might have contributed to differences in spatial pattern of efÞcacyÑsmall droplets not traveling as far after release, even though released at faster initial velocity. Further evaluation of droplet concentration and size at different locations and times after release is needed to address this question.
Vap20 was also applied using a compressed CO 2 gas application system like the Aerotech aerosol, which suggests that the droplet sizes should be similarly small. However, Vap20 is very different from the Þrst two insecticides, as the active ingredient, the organophosphate dichlorvos, has a high vapor pressure and readily volatilizes at normal room temperatures. Dichlorvos vapor is highly toxic to insects and has been demonstrated to be an effective space treatment when applied as a vapor (Mattson et al. 1955 . Because this insecticide is toxic in the vapor phase, it is difÞcult to relate spatial pattern in efÞcacy with distribution of droplets and droplet size.
Some locations, such as in the farthest corner in the L-shaped room, were anticipated to have reduced efÞcacy owing to distance from release point. Jenson et al. (2010b) has previously shown that pyrethrins and IGR aerosol application efÞcacy against Plodia interpunctella (Hü bner) (Lepidoptera: Pyralidae) eggs decreased (i.e., increased survival to adulthood from egg stage) with distance from a ceiling-mounted aerosol dispenser. Features within the interior of the room such as equipment and structural pillars, which we anticipated might impact aerosol deposition, did not in most cases have lower efÞcacy, and coverage in the interior of the room was relatively consistent. Other areas with lower efÞcacy were not initially predicted. Walls, especially in the opposite direction from which the aerosol spray was released, and the corners along the outer perimeter of the room were areas that tended to have lower efÞcacy. These Þndings suggest that under still air conditions, there can be limited drift of particles back behind the direction of aerosol release. The combination of smaller droplets and higher initial release velocity with Aerotech application might explain why this wall and corner effect was stronger with this application. That these areas of lower efÞcacy tended to be associated with walls and corners, suggests that there may be either increased impingement on the walls resulting in fewer aerosol droplets settling to the ßoor or that dispersal of droplets into these areas is impeded, but further research is needed in this area. It is possible that increasing the movement of air using fans during the aerosol treatment might help improve the dispersal into these areas, although this tactic might also create new areas with low efÞcacy. Because stored-product insects often roost on walls and walk following walls (Campbell and Hagstrum 2002) , improving efÞcacy in these areas could be critical for increasing overall efÞcacy.
Obstructions can greatly limit the efÞcacy of aerosol insecticides by preventing droplet and changing droplet size distributions. In outside environments, factors such as tree canopy and buildings have been shown to reduce aerosol penetration (Mount et al. 1970a; Taylor et al. 1975; Perich et al. 1992 Perich et al. , 2000 . However, information on how speciÞc physical features inside buildings impact aerosol insecticide dispersal is limited. Our experiment evaluating aerosol dispersal under different height boxes clearly demonstrates the impact that horizontal obstructions can have on aerosol deposition. Use of the boxes rather than just placing the dishes in different obstructed areas within the mill provides a standardized approach that better enables predictions to be made about where inadequate dosages might be deposited. Not surprisingly the smaller the gap the less dispersal under the horizontal barrier occurred. Gaps of the smallest height tested correspond to gaps that might be found under pallets, while the taller gaps correspond to those that can be found under some milling equipment. Using the information provided by our study, the gap height and depth of a speciÞc feature within a facility could be measured and the distance high efÞcacy is predicted to be maintained determined. This information could then be used to guide where supplemental treatments might be needed: for example, directing aerosol spray into these speciÞc areas, placement of fans to direct air containing droplets into the obstructed areas, supplemental applications of residual insecticides, sanitation activities.
When evaluating the spatial pattern in efÞcacy within the mill, equipment and structural features present inside appeared to have only a limited impact in the spatial pattern of efÞcacy. This is consistent with the Þnding of Jenson et al. (2010b) that found no difference in P. interpunctella development from egg to adulthood after exposure to pyrethrins and IGR aerosol application in either unobstructed or concealed locations. One reason for the lack of a clear impact of physical features in our study may have been that this is a newer mill with modern equipment that is mounted higher off the ground to facilitate cleaning, which resulted in few areas with small gap heights. Dishes were also not placed far under these pieces of equipment. Based on the box data, there may have been adequate drift under these types of horizontal obstacles to result in obstructed, adjacent, and open locations not differing in efÞcacy or if differences did occur, why they were not large. Where differences occurred, the locations that were covered and adjacent to vertical surfaces had similar efÞcacy levels. This suggests that vertical surface affects on aerosol dispersal may have been more of a factor than the horizontal coverage reducing dispersal. In older mills with equipment mounted closer to the ground, in rooms with a greater density of equipment, and in warehouses with pallets and low shelving, the effects of obstructions are likely to be even greater, potentially creating larger zones of lower efÞcacy.
Temperature has been demonstrated to impact the efÞcacy of pyrethrins, with greater efÞcacy at cooler temperatures (Blum and Kearns 1956) . However, Kharel (2013) did not Þnd a signiÞcant impact on the efÞcacy of a synergized pyrethrins aerosol at temper-atures between 22 and 32ЊC. In our study, there were greater efÞcacy index values 24-h postexposure at 40ЊC target temperature than at the 27ЊC target temperature. However, after 2 wk the Aerotech aerosol average efÞcacy index was similar between the two temperatures and for the Pyrocide aerosol efÞcacy was greater at the normal temperature than the high temperature after 2 wk. The insects were only exposed to different temperatures during exposure to the aerosol and aeration, and afterward all were held at the same 27ЊC. So any impact of temperature directly on efÞcacy probably occurred only during the initial response to aerosol exposure.
Temperature may have also impacted the distribution and deposition of aerosol droplets, as temperature differentials can create convection currents that can transport smaller droplets away from surfaces. Although the airßow patterns within the mill during the two temperature treatments are unknown, it is possible that differences in air ßow patterns could have occurred between the two temperatures. For example, the walls may have been warmer than the air inside the room once the heating system was turned off, and this could cause the cooler air coming into contact with the wall to rise. Rising air along walls could reduce aerosol deposition on ßoors adjacent to walls, which could contribute to the reduced efÞcacy observed in these locations. Smaller droplets are more likely to be impacted by this air movement, which might contribute to differences in spatial pattern of efÞcacy between the two pyrethrins evaluated. For example, with a 3 mph wind 5-m droplets can travel a lateral distance of 4,828 m when falling 3 m, while 20-m droplets travel only 335 m (Potts 1946, Akesson and Yates 1964) . Given that this study reveals some interesting temperature effects on aerosol efÞcacy distribution, further research on temperature and air ßow patterns inside structures during treatment and how temperature might be manipulated to increase efÞcacy are warranted.
The efÞcacy index developed helped to reduce the complexity of analyzing several different response variables generated by exposure to pyrethrin and pyrethroid insecticides. This type of bioassay approach has considerable potential for the evaluation of aerosol efÞcacy in locations where insects can be introduced; a similar approach using dishes into which insects are added after exposure could also be used. However, the relationship between this efÞcacy index and droplet deposition remains to be determined. The use of dye cards to measure droplet deposition is not accurate with the small sized droplets produced during aerosol application. The use of equipment such as the APS unit described above offers the potential to accurately determine droplet size and concentration, but cannot practically be used in more than a limited number of locations during a treatment. The methodology and results presented here provide new and novel information regarding spatial patterns of efÞ-cacy in aerosol applications within food facilities and opens up new areas of research that might improve the effectiveness of aerosol insecticides in management programs for the food industry.
